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Semi-solid die casting of relatively high solid-fraction aluminum alloys (0.5e0.7 fraction solid) can be
used for the production of high quality industrial components. However, surface blistering during so-
lution heat treatment can still be a problem and is associated with the entrapment of gas whether from
air or from burned lubricant. Here the mechanism for formation of blisters is presented. The Reynolds
number in the surface layer of the semi-solid ﬂow is then analysed to obtain the relationships with
hydraulic diameter and ﬂow velocity for different slurry temperatures. The hypothesis is that it is some
ﬂow instability at the ﬂow front, evenwhere the overall nature of the ﬂow is essentially laminar, which is
leading to the entrapment. The crucial ﬁnding is that if the Reynolds number is plotted against tem-
perature there is a decrease followed by an increase. The position of this minimum is dependent on the
ratio of ﬁll velocity to the hydraulic diameter, v/D. Thus there is a ‘sweet spot’ in terms of temperature (i.e.
fraction liquid), ﬂow velocity and hydraulic diameter (i.e. die design) where the ﬂow front has the
maximum stability, giving maximum resistance to blister formation. This is in contrast with conventional
wisdom which would suggest that low fractions liquid would give the most stable ﬂow front. A rationale
for this is presented in terms of the particle crowding at the relatively low fraction of liquid.
Experimental results with aluminium alloy 319s as an exemplar, and a die which has varying cross
sectional dimensions, are presented and validate the hypothesis.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Components produced by conventional high pressure die cast-
ing (HPDC) are typically not heat treated due to the presence of
casting defects such as entrapped air and lubricants that cause
surface blistering during solution heat treatment [1]. The gases and
lubricants are entrapped beneath the surface of the castings due to
the non-planar and turbulent ﬂow conditions during cavity ﬁlling,
as illustrated by Fig. 1a. Several high integrity die casting processes,
e.g. high-vacuum die casting, squeeze casting and semi-solid die
casting, have been developed to overcome this entrapmental and Energy Engineering,
55, China.
lsevier Ltd. This is an open accessproblem [2].
Semi-solid die casting is a semi-solid processing (SSP) technique
that is gaining increasing industrial application, especially in Asia
with light alloys such as aluminium and magnesium [3]. Unlike
other casting processes, it does not utilize a fully liquid feed ma-
terial, but instead uses a material that is partially solid and partially
liquid (as reviewed in Ref. [4]). The slurry is injected into a reusable
steel die, and once the cavity is fully ﬁlled, an intensiﬁcation
pressure is applied as the slurry solidiﬁes, to feed solidiﬁcation
shrinkage. The ﬂow regimes for semi-solid alloys with relatively
low solid fractions have been characterized by Janudom et al. [5]
based on the ratio of gate speed to initial solid fraction (vg/fs).
With higher solid fractions (0.5<fs < 0.7) the high viscosity feed
material exhibits laminar ﬂow with a smooth ﬂow front if the
process parameters are carefully controlled (Fig. 1b). Therefore,
semi-solid die castings typically contain signiﬁcantly lower levels ofarticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
Fig. 1. Graphic illustrations showing different types of ﬂow (a) Non-planar and turbulent ﬂow in conventional high pressure die casting, (b) Planar and laminar ﬂow with high
stability in semi-solid processing and (c) Planar and laminar ﬂow with some instability at the semi-solid/gas interface.
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HPDC components, allowing them to be heat treated to optimize
mechanical properties.
In practice, however, blistering can still be an issue for the
commercial production of semi-solid die castings when the process
has not been fully optimised [6]. Fig. 1c illustrates the semi-solid
ﬂow where there is less ﬂow front stability compared with the
ﬂow in Fig. 1b. As a result, some air and lubricants are likely to be
entrapped, especially at the locations near the wall. To avoid blis-
tering, commercial aluminium semi-solid castings are often pro-
cessed using only artiﬁcial aging procedures, i.e. T5 heat treatment
[7], rather than the full solution plus aging treatment, i.e. T6 heat
treatment [8]. By settling for the T5 procedure, however, one of the
major advantages of semi-solid casting processes, namely the
ability to generate signiﬁcantly improved mechanical properties, is
not realized. Therefore, it is highly desirable to understand the
mechanisms in semi-solid castings, to minimize (or eliminate)
blistering during the commercial production of semi-solid castings,
thereby broadening the commercial appeal of these types of cast-
ings. It should be emphasised that surface blisters occur because of
the expansion of gases at high temperature during the solution heat
treatment. This process is thought to be the same in both semi-solid
and conventional die casting processes, but it is the mechanism of
gas entrapment during the die ﬁlling process which is signiﬁcantly
different. The level of blistering is determined by the volume and
location of the entrapment.
In the present study, the nature of blistering will be examined,
the mechanisms of blistering formation during heat treatment will
be theoretically analysed, and then factors affecting formation of
the blistering will be discussed in term of a ‘modiﬁed’ “Reynolds
Number”. (The term ‘modiﬁed’ is used here to emphasise that it is
the shear rate dependent viscosity which has been used in the
formula rather than a constant one). Experimental validation of this
theoretical analyses will also be presented, using aluminium alloy
319s as an exemplar. It should be noted that semi-solid die casting
practice should ensure that hydrogen contamination is avoided and
so it is the entrapment of air/lubricants which is the focus here. The
core aim of the paper is assisting with the avoidance of blistering in
commercial practice through improved understanding of thecontrol of process parameters.2. Mechanism of blistering formation
2.1. Nature of blistering in semi-solid die casting
Fig. 2 shows the typical morphology of blisters in a semi-solid
casting of 319s alloy. The metal close to the casting surface is
plastically deformed by expanding gasses entrapped under the
surface of the casting. For the current study, based on the observed
locations of gas entrapment that may induce blistering defects, a
surface layer with a thickness of one sixth of the hydraulic diameter
of the ﬁlling channel (D/6) is deﬁned (see Fig. 3a). The entrapped
gasses can originate from burned die lubricant or from air entrap-
ped during the die ﬁlling process and are compressed during
pressure intensiﬁcation. When the casting is later soaked at a high
temperature during solution heat treatment, the pressurized gas
pockets expand and deform the surface of the casting to form
blisters.
Heating or cooling of the casting will change the pressure inside
the trapped gas pocket, and the following equation can be used to
predict the inﬂuence of a change in temperature upon the gas
pressure:
P1V1
T1
¼ P2V2
T2
(1)
where V is the volume of the entrapped gas, T is the absolute
temperature, P is the pressure inside the gas pocket, and the sub-
scripts represent different states. Fig. 3 illustrates the detailed
mechanism of blistering in terms of three separate stages:
Stage 1: Gas entrapment occurs during die ﬁlling if the cavity
ﬁlling process is not adequately controlled (i.e. the ﬂow front is
predominantly planar and laminar but with some instability at the
semi-solid/gas interface as in Fig. 1c). As illustrated in Fig. 3a, it is
possible for the air to be entrapped into the surface layer and then
form a gas B (marked in Fig. 3b). The volume of the entrapped gas B
is V1 and the pressure inside the pocket is P1 at this stage.
Stage 2: After the cavity is completely ﬁlled, the intensiﬁcation
Fig. 2. Typical morphology of (a) surface blisters, (b) view of the interior of a gas pocket with the blister cap removed and (c) side view of a gas pocket in a 319 s alloy semi-solid
casting.
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shrinkage. As the runner and gating structure is a closed system,
the intensiﬁcation pressure P2 is transferred to every location
within the slurry. According to Eq. (1), therefore, the inside pressure
of entrapped gas Bwill rapidly increase from P1 to P2 as the volume
decreases from V1 to V2. However, blistering does not occur at this
stage, as the surface of the casting is supported by the mould wall
(i.e. Fmould in Fig. 3b).
Stage 3: As the casting solidiﬁes and cools down to room tem-
perature, the volume of the entrapment B stays constant, if the
minor contraction as the casting cools is ignored, while the pres-
sure P2 decreases dramatically to P20. When the casting is then
reheated to a temperature T3 during solution heat treatment (about
10e20 K below the solidus temperature of the alloy), the pressure
will rise from P20 to P3. Ignoring the pressure from air which is
signiﬁcantly lower than P3, the blister forms only when the force
from the inside pressure P3 exceeds the critical resistance force of
the alloy, Falloy. The value of Falloy, of course, is not constant, but will
decrease with increasing temperature as the alloy has lower
strength at higher temperatures, and with decreasing depth of the
entrapment location below the casting's surface. The blister will
eventually stop growing when the force from the decreased pres-
sure P30 (see Fig. 3c) is equal to Falloy.2.2. Mechanics of blistering
It should be noted that the presence of entrapped gas may not
always result in the formation of a blister, as illustrated by
entrapment A in Fig. 3. According to the mechanism of blistering
presented here, there are several critical factors that control
whether or not a blister will form, including the initial dimensionsand location of the gas pocket, the magnitude of the intensiﬁcation
pressure, and the heat treatment temperature. To demonstrate the
relationship between the possibility of blistering and the factors
described above, a simple calculation can be performed to analyse
the stress distribution in a layer between the blister and the surface
of the casting under uniform pressure. As the entrapped gas has
been compressed under high pressure intensiﬁcation, it will be
treated as an ellipsoid, having a much shorter radius in the y di-
rection compared with dimensions in the other two directions (i.e.
a  c [ b in Fig. 4). As a result, the surface layer above the
entrapped gas can be approximately assumed to be a ﬂat plate in
the xz plane. Under a uniformly distributed pressure p over the
entire surface, the stresses on the constant thickness plate with
ﬁxed boundary are solved using different theories depending on
the plate thickness.
When the plate thickness t  c/4, the KirchhoffeLove theory for
thin plates [9] is adopted. The stress concentrations at the edge of
the plate are then [10]:
at the edge of span c : smax ¼ sz ¼ 6pc
2
t2

3þ 2a2 þ 3a4 (2)
at the edge of span a : sx ¼ 6pc
2a2
t2

3þ 2a2 þ 3a4 (3)
where s is the stress, and the subscripts represent different di-
rections, p is the loading pressure, and a equals c/a (0 < a  1). The
maximum deﬂection occurs at the centre of the plate:
Fig. 3. Schematic drawing illustrating the mechanism of surface blistering based on the form of semi-solid ﬂow shown in Fig. 1c with some instability (a) Semi-solid die ﬁlling
process, (b) Pressure intensiﬁcation during casting and (c) Solution heat treatment at T3.
Fig. 4. Schematic drawing simplifying the pressured surface layer as a ﬂat plate with ﬁxed boundary.
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3pc4

1 m2
2Et3

3þ 2a2 þ 3a4 (4)
where m and E are the Poisson's ratio and Young's modulus of the
material, respectively.From formula (2), the thicker the plate, the higher the pressure
that is needed for plastic deformation. Also, smax decreases with
increasing a and reaches its minimumwhen a equals 1, indicating a
circular plate. Combining Eq. (1) and Eq. (2), the variation in smax
with heat treatment temperature T2 is given by:
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2
t2

3þ 2a2 þ 3a4$V1P1V2T1$T2 (5)
where the subscript 1 repensents the state before heat treatment,
and subscript 2 repensents the state during heat treatment. At a
given material thickness t, and pocket dimensions a and c, Eq. (5)
shows that smax linearly increases with increasing heat treatment
temperature before any deformation occurs (i.e. V1 ¼ V2). The plate
will be plastically deformed and form the surface blister once the
stress exceeds the yield strength of the material at the critical
temperature indicated in Fig. 5. Once the plastic deformation oc-
curs, smax changes non-linearly as the gas volume increases (i.e.
V2>V1).
When t  c/4, the plate in Fig. 4 can be analysed by Mind-
lineReissner theory for thick plates [11], where shear deformations
are considered, and rotation and lateral deﬂections are decoupled.
Due to the various governing equations for the thick plate model,
this classical problem is always solved by means of FEM modelling.
For the thick plate, Toda et al. [1] and Maslovskaja et al. [12] have
analysed the problem in detail and this will not be discussed
further in this paper.
The industrial alloy 319s (Al-5.8%Si-3.0%Cu-0.36%Mg-0.2%Ti, all
refer to wt%) will be used here as an exemplar. This alloy was
specially developed from the low-cost foundry alloy 319 to have
improved semi-solid formability and mechanical properties [6,13].
The semi-solid slurry of 319s is typically produced at 853 K for the
die ﬁlling process. The temperature of the surface layer is about
850 K [14] before an intensiﬁcation pressure of 100 MPa is applied
to the casting. During subsequent solution heat treatment, the
casting is held at 773 K for about 6 hrs. Based on the combined gas
law shown in Eq. (1), if no plastic deformation occurs, the gas
pressure P3 at the solution heat treatment temperature will be
about 91 MPa. The likelihood of blistering occurring will then be
determined by the depth and dimensions of the entrapped gas
pocket. According to Eq. (2), the maximum stress is equal or greater
than 12P3 (1092 MPa) if the depth of the gas pocket from the sur-
face is less than one-quarter of theminimum transverse dimension,
which is much higher than the yield strength of 319s alloy
(350 MPa at room temperature [15]). Therefore, blistering will
occur under this condition.Fig. 5. Schematic diagram showing yeild strength of the alloy decreasing with tem-
perature and the relationship between smax in Eq. (2) and the heat treatment tem-
perature (T2). Below the cross-over point the relationship is linear and above it non-
linear.3. Factors affecting gas entrapment in the surface layer
Although there are several factors which inﬂuence blistering,
the most effective approach for avoiding blistering is to minimize
the entrapment of gasses during the die ﬁlling process, rather than
controlling the pressure intensiﬁcation or heat treatment. There-
fore, it is important to understand how the process parameters
affect the entrapment during the ﬁlling process. Here the ﬂow
behaviour of the surface layer will be characterized to examine the
stability of ﬂow at different process conditions. The most
commonly-applied dimensionless number to determine the inter-
nal ﬂow state, especially in runner and gating systems, is the Rey-
nolds number Re [16]:
Re ¼ rD
nv2n
h
(6)
where r is the density of alloy, D is the hydraulic diameter of the
conduit, v is the ﬂow velocity, n is an exponent determined by
rheological properties of ﬂow and h is the viscosity. According to
studies on the rheology of semi-solid alloys [17,18], the solid-liquid
slurry is typically a shear-thinning ﬂuid and the viscosity h can be
represented by a power law of the form [18]:
h ¼ k _gn1 (7)
where k is the consistency factor, n is the ﬂow exponent as in Eq.
(6), and _g is shear rate. (Note that this equation is in some cases a
simpliﬁcation). For normal shear-thinning ﬂuids, the value of n is
between zero and unity. However, in previous studies measuring n
in semi-solid alloy systems e.g. Refs. [19e21], both positive and
negative values of n have been obtained. Negative values for n are
considered to be related to anomalous rheological behaviour of
semi-solid alloys that has not been reported in any other ﬂuid
system. McLelland et al. [22] suggested that the negative value of n
may be a feature of the rapid breakdown of the internal structure of
solid particle clusters which occurs at low shear rates. Eq. (7) only
applies in a certain temperature range in which the viscosity
change follows a power-law relationship due to structural dis-
agglomeration under shear stress. When the temperature, i.e. the
equivalent liquid fraction, is greater than the upper limit of this
range, the ﬂow behaves as a Newtonian liquid even in the semi-
solid state because no dis-agglomeration of particle clusters oc-
curs at low solid fractions.
Assuming a fully developed laminar ﬂow in a circular conduit,
the shear rate is given by Ref. [16]:
_g ¼ 3nþ 1
4n
 8v
D

2r
D
1
n
(8)
where r is the radial distance from the centreline of the conduit (see
Fig. 3a), and the hydraulic diameter D is equal to the diameter for
pipe ﬂow. The average shear rate of the surface layer, _gsurf , obtained
by integrating throughout the annular cross-section from r¼ D/3 to
r ¼ D/2, is given by:
_gsurf ¼
1
p

D
2
2  pD32
ZD2
D
3
_g$2prdr
¼ ð108nþ 36Þvð10nþ 5ÞD
 
1

2
3
1þ2n
n
!
(9)
Combining Eqs. (6), (7) and (9) leads to
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rDnv2n
k

ð108nþ36Þv
ð10nþ5ÞD

1 231þ2nn
n1 (10)
where Resurf is the average Reynolds number of the deﬁned surface
layer (D/6). As can be seen in Eq. (10), the average Reynolds number
of the surface layer is related to the ﬂow velocity, the dimensions of
the cavity and the temperature-dependent rheological parameters.
Isothermal semi-solid compression tests were carried out to
investigate rheological properties of the 319s alloy according to the
methodology in Refs. [21,23]. All the tests were conducted using a
high frequency fatigue tester (MTS Landmark 370) equipped with a
model 653 high-temperature furnace. This machine provides high-
speed closed-loop control and data acquisition. The samples
(F12  12 mm) were heated from room temperature to a tem-
perature of 843 K, 848 K or 853 K in about 8 min and then com-
pressed immediately at a constant ram speed of 0.1 m/s. Fig. 6
shows the evolved microstructures before rapid compression. All
the samples for microstructural examinationwere water-quenched
after being heated to the desired temperatures. Fig. 6d shows the
liquid fraction at different temperatures, and the liquid fraction of a
slug for practical thixocasting heated to 853K by induction heating
is also presented for comparison. This shows that the remelting
route in this experiment is close to practical thixocasting and
therefore practical casting can be used to verify the theory based on
compression test data. Note that the liquid fraction here is the
effective liquid around a-aluminium particles excluding any liquid
entrapped in the body of the a-aluminium particle.
Assuming a Newtonian ﬂuid and a constant volume of specimenFig. 6. Evolved microstructures (once the set temperature is achieved) in rapid compression
liquid fraction including that for a slug heated to 853 K in practical process.during compression, the apparent viscosities and corresponding
shear rates were calculated from the measured load-displacement
curves (Fig. 7a) at different temperatures by applying the following
analytical formulae [23], with the compression carried out at a
constant ram speed.
h ¼ 2FpH
5
3V2vram
(11)
_g ¼ R
2H2
$vram (12)
where H and R are the instantaneous height and radius of the
specimen respectively, V is the volume of the specimen, F is the
measured force and vram is the constant ram speed. Fig. 7b shows
the calculated viscosities have a linear relationship with shear rate
on a log-log scale. On the basis of the power law viscosity model in
Eq. (7), the values of the ﬂow parameters n-1 and kwere derived by
linear ﬁtting analysis. As discussed above, the value of n-1 ap-
proaches zero with decreasing solid fraction to lower than a critical
value. In the previous work by Figueredo et al. [24], the semi-solid
slurry (A357 alloy) was observed to behave as a Newtonian ﬂuid
(n¼ 1) once the liquid fraction reached about 0.85. Fig. 8 shows that
the parameters obtained in this study (and that from Figueredo
et al. [24]) further ﬁtted as functions of the absolute temperature
following the sigmoidal function in software package Origin 2015
(Non-commercial version).
Employing Eq. (10) and considering industrial semi-solid casting
practices, the average Reynolds numbers at the deﬁned surface
layer (assumed to be D/6 thick) were determined and plotted insamples heated to different temperatures. (a) 843 K, (b) 848 K, (c) 853 K, (d) effective
Fig. 7. Determination of the ﬂow parameters in power law model for semi-solid 319s alloy. (a) The load-displacement signals at different temperatures, (b) calculated viscosities
versus shear rate based on the Laxmanan and Flemings methodology [23].
Fig. 8. Fitted curves for temperature-dependent ﬂow parameters of 319s alloy.
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with an increase in the ﬂow velocity, whereas there are differing
correlations with increasing hydraulic diameter. When the tem-
perature is lower than 853K (marked in Fig. 9d), the Reynolds
number decreases with increase of hydraulic diameter. However,
the Reynolds number increases with increase of diameter if the
temperature is higher than 853K. Fig. 9c shows the calculated Re
based on the temperature-dependent ﬂow parameters shown in
Fig. 8 and on the basis of predicted Newtonian viscosities. The
curves shown in Fig. 9c lead to the counter-intuitive result that Re
initially decreases with increase of temperature, followed by a rise,
indicating a minimum value at about 858 K, and is then relatively
constant once the temperature is greater than the liquidus tem-
perature. In general, higher Re indicates more unsteady ﬂow during
the die ﬁlling process and hence a greater probability of the
entrapment of the lubricant or air into the surface layer of the
casting. Thus, there is a critical value of Re below which the ﬂow is
steady enough to avoid gas entrapment. As illustrated in Fig. 9c, the
temperature window from T3 to T4 is the optimal ﬁlling process
window in which the ﬁlling can be best controlled to minimize
entrapment. However, practical experience with semi-solid casting
suggests the window for slurry preparation is 0.3 < fl < 0.5 [25], e.g.
for 319s alloy, the slurry is normally prepared at a temperature
range from T1 to T2, where 0.3 <fl < 0.5, to ensure a suitable slurry
consistency. Therefore, as indicated in Fig. 9c, there must be a
process window (from T3 to T2) for semi-solid die casting for bothoptimum solid fraction and controlled ﬁlling process. It can be seen
from Fig. 9d that increasing the value of v/D, i.e. increasing the shear
rate according to Eq. (8), will increase the sensitivity of Reynolds
number to temperature. At a constant ﬁlling velocity and a certain
critical Re, enlarging the sectional diameter of the casting (i.e. a
lower value of v/D)will increase the process window, implying that
castings with thicker walls are less likely to entrap gas. Note that, as
shown in Fig. 9a, the highest Reynolds number in the temperature
window of interest is less than 2300, which is generally considered
as the critical value for the ﬂow state transition from laminar to
mixed ﬂow [26]. A relatively high Reynolds number also indicates
greater instability even when the ﬂow remains essentially laminar.
As a result, the air or die lubricant near the wall will be more easily
entrapped inside the surface layer the higher the Re of the surface
layer. It is concluded that increasing the ﬂow velocity and
decreasing the ﬂow diameter will increase the probability of
entrapment of gas and hence of the surface blistering.
Fig. 10 shows a schematic drawing of the semi-solid ﬂow state in
terms of the spheroidal particles as the liquid fraction increasing.
For a relatively low fraction liquid from ~0.3 to ~0.4, as shown in
Fig. 10a, the particles are quite closely packed and tend to collide
and rotate (marked by bidirectional arrows) The liquid ﬂows from
high static pressure zone to lower one (marked by dotted arrows),
leading to a relatively unsteady interfacial ﬂow state. At medium
liquid fraction from ~0.4 to ~0.5 (Fig. 10b), the liquid ﬁlls the
channels between the particles uniformly and the two phases
interact synergistically, resulting in a steady ﬂow state. As the liquid
fraction continues to increase (>0.5), the liquid phase begins to
dominate the ﬂow behaviour, as indicated by solid arrows in
Fig. 10c and the interface between the semi-solid ﬂow front and the
gas will start to exhibit some instability. This provides a rationale
for the counter-intuitive nature of Fig. 9c with the curve of Reynolds
number versus temperature initially decreasing and then
increasing.4. Experimental validation of the theory
Practical thixocasting was carried out to verify the effects of
process parameters on surface blistering. Fig. 11 shows an illus-
tration of the injection and gating systems. Here the castings for
blister examinationwere produced using a step die, containing ﬁve
separate sections of different thickness. A 340-ton Buhler hori-
zontal cold chamber die casting machine with a large-diameter
shot cylinder specially modiﬁed for semi-solid casting was uti-
lized. Slugs 89 mm in diameter and 178 mm tall were cut from the
Fig. 9. Average Reynolds number of the D/6 thick surface layer, indicating the effects of ﬁlling parameters on the ﬂow stability (r319s ¼ 2600 kg/m3) of the 319s alloy at (a)
Temperature 843 K and (b) Temperature 870 K, (c) Re curve as a function of ﬁlling temperature for D ¼ 0.005m, v ¼ 5 m/s and (d) for different v/D values.
Fig. 10. Schematic diagram of semi-solid interior ﬂow state as liquid fractions increasing. (a) relatively low liquid fraction (~0.3e~0.4), (b) medium liquid fraction (~0.4e~0.5) and (c)
relatively high liquid fraction (>0.5).
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using a 10-coil carousel-style induction heater. The die was heatedand held at about 523 K. Different intensiﬁcation pressures and
ﬁlling velocities were also adopted. After production of
Fig. 11. Illustration of the injection system and gating system of semi-solid die casting using a step die.
Table 1
Scoring method used for characterizing the size of blisters.
Maximum blister size (mm) <0.1 0.1e0.5 0.5e1.0 >1.0
Blister score 0 1 2 3
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were solution treated at 773 K for 2 hrs and then water quenched.
As shown in Fig. 2, blisters of different sizes were generated during
solution treatment. To quantify the level of blistering, the size of the
largest blister in each of the ﬁve separate parts (i.e. Part 1 to Part 5)
was measured and scored using the method presented in Table 1.
The ﬁve scores for each casting were averaged, providing an overall
score for each processing condition. In addition, as there was some
variation in the level of observed blistering even for a series of
castings produced under the same conditions, the results discussed
in this study are the average values for at least 8 castings produced
under the same process parameters.
The average blistering scores for castings produced under the
various process conditions are listed in Table 2. Note that the results
obtained in simulations show that the actual temperatures of the
semi-solid slurry when ﬁlling the cavity are about 3e6 K lower than
the slug temperatures recorded in Table 2, arising from heat loss toTable 2
Blistering level of semi-solid die castings produced using 319s alloy under different pr
Process conditions
Intensiﬁcation P (MPa) Plunger velocity (m/s)
112 0.12
0.25
0.50
90
41
Table 3
Blistering level of the parts with different thickness, indicating the impact of thickness o
Parts Plunger velocity (m/s) Filling velocity/Hydraulic diameter (v/
Part 1 0.25 18
Part 2 102
Part 3 362the runner and gating system during ﬁlling the die. The data in
Table 2 show that increasing intensiﬁcation pressure and ﬂow ve-
locity lead to an increase in the level of blistering in the semi-solid
die castings. Most importantly for the analysis presented in Section
3 of this paper, the data in Table 2 conﬁrm that a lower level of
blistering was also observed with a higher slurry temperature. This
disagrees with conventional wisdom, which suggests that a lower
temperature slurry should have less entrapped gas, due to the
higher viscosity of the slurry. However, these results agree well
with the analysis presented in Section 3, which suggests that the
Reynolds number of the slurry is actually lower at 863 K than that
at 853 K, and it would expected that more gas would be entrapped
at the lower temperature.
The blistering scores of actual industrial parts with different
thickness (parts 1e3 shown in Fig. 11) have been further examined
and the results are given in Table 3. It can be seen that the blistering
scores increasewith increase of the values of v/D, i.e. decrease of the
part thickness, for slugs prepared at 853 K. However, no signiﬁcant
difference in the blistering scores was observed when the slug
temperature was 863 K. According to Fig. 9d, increasing values of v/
D promotes the instability of the slurry and hence a still higher
blistering score is expected when the ﬁlling temperature is less
than 853 K. Assuming the slurry ﬁlling temperature is about 860 Kocess conditions.
Average score
Slug temperature (K)
863 0.30
853 0.67
863 0.28
853 0.83
863 0.36
853 1.14
1.13
0.20
n blistering. The table shows the data for two different slug temperatures.
D) Average score (Tslug ¼ 853 K) Average score (Tslug ¼ 863 K)
0.6 0
1.1 0.2
1.9 0
X.G. Hu et al. / Acta Materialia 124 (2017) 446e455 455for a slug temperature of 863 K, Fig. 9d suggests that the Reynolds
numbers are much lower than the critical Re for blistering resulting
in acceptable blistering levels in spite of the different part
thickness.
5. Summary and conclusions
Blister formation is associated with the entrapment of gas
whether from air in the die or from burned lubricant. In semi-solid
casting the ﬂow in the die is essentially laminar (in contrast with
high pressure die casting). Here ﬁrstly the mechanics of formation
of the blister has been presented (with the gas pressure in the
entrapped pocket rising during heat treatment to a point where the
yield stress of the overlying cap of material is exceeded and the
blister forms). The Reynolds number in the surface layer of the ﬂow
is then analysed to obtain the relationships with hydraulic diameter
and ﬂow velocity for different slurry temperatures (and hence
fraction liquid). The hypothesis is that it is some ﬂow instability at
the ﬂow front, even where the overall nature of the ﬂow is essen-
tially laminar, which is leading to the entrapment of the gas. This is
occurring primarily at the layer which is in contact with the die but
may occur elsewhere. The crucial ﬁnding is that if the Reynolds
number is plotted against temperature there is a decrease followed
by an increase (Fig. 9c). The position of this minimum is dependent
on the ratio of ﬁll velocity to the hydraulic diameter v/D (Fig. 9d).
Thus there is a ‘sweet spot’ in terms of temperature (i.e fraction
liquid) where the ﬂow front has the maximum stability (hence
giving maximum resistance to blister formation). This is in contrast
with conventional wisdomwhich would suggest that low fractions
liquid (within the processing range of 0.3 fraction liquid to 0.5
fraction liquid) would give the most stable ﬂow front. A rationale
for this is presented in terms of the particle crowding at the rela-
tively low fraction of liquid.
Experimental results for blistering with aluminium alloy 319s as
an exemplar and a die which has varying cross sectional di-
mensions (and hence hydraulic diameters D) are presented and
validate the hypothesis.
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